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Borgmeier and DeVries also studied the effect of the modification of the lap joint geometry by tapering the adherends. In these studies, unmodified and modified samples with tapered adherends were tested. They reported that tapering of the adherends reduced the rate at which shear stress increased as the bond termini were approached. This, in principle, results in a more uniform distribution of the shear stresses over the overlap region of the joint [14] .
Afendi et al. [15] investigated the effect of scarf angle (θ = 45 0 , 60 0 and 75 0 ) on the strength of scarf joints of dissimilar adherare produced at the ends of the lap. Many ideas have been suggested to reduce these stresses. These ideas can be grouped into two general categories. The first is material modification while the second is geometrical modification [8] .
Studies were conducted by researchers such as Gunthrop [9] and Kinloch [10] about lowering the high stress concentrations near the end of the bond line. A method for making the shear stress uniform along the bond length was presented by Cherry and Harrison [11] . This method was based on simple static equilibrium conditions. The ideal adherend profile for making the shear stress uniform was found to be a symmetric taper of the adherend along the bond line. It was also found that in addition to being a function of the adherend thickness, the shear stress was also a function of the Young's modulus of the adherends.
Li et al. [12] and Li et al. [13] studied the influence of the geometry of joints. They investigated the underlying mechanisms and the role of geometry governing the Adhesive joints have provided attractive solutions to many engineering problems. Furthermore, adhesives are widely used in various industrial applications, particularly in the automotive and the aerospace industries [1] , according to properties of the adherends and the bond between them [2] .
The behavior of adhesive joints depends not only on the properties of the adherends, but also on geometrical parameters such as the length of the bonded portion of the overlap, the total length of the specimen, the crack length, the thickness of the adherends, and inclination angle. Particularly, among the models of the lap joints geometry, the tensile analyses have been developed to calculate stresses when the adherends deform in an elastic fashion. These analyses have a particular emphasis on calculating the distribution of the stress along the joint [3] [4] [5] [6] [7] .
When tensile load is applied to adhesively bonded joints, a nonlinear stress pattern follows along the bonded overlap. Peak stresses, which may be several times higher than the average adhesive stresses, The improvements in physical and mechanical properties of industrial adhesives have showed that adhesive bonding techniques can successfully be applied to the most engineering fields. Due to some of their advantages in comparison to fastening methods, adhesively bonded joints have been researched by many of researchers. In this study, the effect of the inverse Z joints angle (IZJs) was both experimentally and numerically analyzed. Vinylester Atlac 580 and Flexo Tix were used as adhesives. Adherends were prepared with two different composite materials. In order to identify the mechanical properties of the adhesives, the bulk specimen method was used. Finite Element Analysis (FEA) that was used in analyses was performed with finite element software Ansys (V.10.0.1). Experimental results were compared with numerical results and the comparisons were found to be quite reasonable. The results showed that when angle of the specimen was increased, the stresses increased as well. The stresses in the middle of the overlap length were also higher than those at the edge of the overlap length. İşcan et al. [17] investigated stress analysis of the Z joints that were connected with various adhesives. Overlap angle were examined using Finite Element Method (FEM). According to the results, it was observed that maximum stress values occurred at the middle section of the joints, whereas the stress values were the minimum at the edges.
In this paper, the inverse Z joints were performed under a tensile load with different angles in order to analyze the effect of inclination angles on adhesives. The stress analysis were performed by using 3-D FEM. Experiments were also carried out to measure the stresses of the IZJs under the same conditions as the 3-D FEM calculations. Finally, the 3-D FEM results were compared with experimental results.
Experimental Details
Determination of Mechanical Properties of Adhesives Used. In this study, Vinylester Atlac 580 produced by Huntsman, and Flexo Tix produced by Poliya were chosen as adhesives.
Their features are: Vinylester Atlac 580 is a pre-accelerated thixotropic, high-grade bisphenol a vinyl ester urethane resin. It is a kind of adhesive which combines the parts with exceptional chemical resistance and an outstanding combination of heat resistance and flexibility. Furthermore, Vinylester Atlac 580 has very good handling and curing properties. Vinylester Atlac 580 is resistant to many aqueous acidic salts and alkaline solutions. It has an outstanding performance against alkaline media and hot water.
Flexo Tix is an orthophtalic-base, thixotropik, and pre-accelerated gel-coat. It is used in repairs and for adhesive purposes of polyester products [18] . Curing temperature and time are shown in Table 1 .
The mechanical properties of the adhesives were determined according to ISO 527-2 [19] . The mechanical properties of adhesives were obtained by using bulk specimens.
They were prepared as follows:
In order to adjust the thickness of the bulk specimens, a U-shaped spacer frame as shown in Figure 1a , was fixed at the lower plate of a hot press used for curing the adhesives. The height of the frame determines the specimen thickness. A height between 2 and 3 mm is reported to be suitable for most tests [20] [21] . Therefore, in our study, bulk specimens with a height of 2 mm were selected.
A release agent was applied to bulk the specimens placed in the hot press to allow the cured adhesive to be easily separated from the hot press. In order to prevent air entrapment between the bulk specimens and for curing adhesives, the hot press was applied to the bulk specimens, which were at 100 °C for Vinylester Atlac 580 and at 40 °C for Flexo Tix [22] . After curing, the bulk specimens were placed in the machine shown in Figure 1b. The bulk specimens used in the experiments are showed in Figure 1c .
A non-contacting device must be used to measure the stress-strains in the bulk specimens if the mechanical properties of the flexible adhesives are determined from the bulk specimens. Although deriving strains from the position of the crosshead is not recommended for measuring a small range of displacement (<100 µm) which is typically required for determining the tensile modulus of materials due to its limited accuracy, these accuracy limitations are of less significance in measuring compara-
Adhesives
Temperatures of cure (°C) Time of cure (hour)
Vinylester Atlac 580 100 3
Flexo Tix 40 1 [18] (all dimensions in mm) tively large displacements i. e. >1 mm and, therefore, the crosshead position is better suited for measuring failure strains in flexible materials which are often in excess of 50 % [23, 24] . The stress-strain (σ -ε) behaviors of the adhesives were determined from the bulk specimens tested under the specified conditions.
Figure 1: Preparation of the specimens: a) Hot press and adhesive, b) Dimensions of bulk specimen (dog-bone), c) Bulk specimens
The experiments on the bulk specimens were determined under the specified conditions. The experiments of the bulk specimen were performed in Shimadzu (Shimadzu Corporation, Tokyo, Japan) (100 kN) testing machine equipped with a video extensometer at room temperature and relative humidity 50 % ± 5. During tensile tests, the crosshead speeds were maintained at 1 mm/min. Four bulk specimens were tested for each adhesive and the average values are shown in Figure 2 . It was observed from Figure 2 that the stresses were almost linear (R 2 = 0.9947 and R 2 = 0.9977) until the failure occurred. In the experiments, the adhesives exhibited linear elastic behavior. The maximum stress values of the adhesives were measured as 40.618 MPa for Vinylester Atlac 580 and 2.509 MPa for Flexo Tix, respectively. It can be observed from Table 3 that the ultimate strength values of adhesives are smaller than the adherends. Therefore, the failure is expected to occur initially on adhesive.
The Properties of the Adherends. In this study, fiber reinforced epoxy/glass (Hgw 2372 Grade G10 EP GC 201 and Hgw 2372.4 Grade G11 EP GC 203) composites were chosen as adherends. They were produced using the hand lay-up method, as shown in Figure 3a , by İzoreel Corporation in İzmir/Turkey. They have four layers. Adherends were carried out at reinforced angles (0°/90°/0°/90°) composite laminated plates.
Their features are: Hgw 2372 Grade G10 EP GC 201 is a woven glass fabric reinforced epoxy that is molded into sheets. It has extremely high mechanical strength at room temperature. Under dry and humid conditions are good dielectric loss and electrical strength properties. It is not flame-resistant.
Hgw 2372.4 Grade G11 EP GC 203 is high quality construction materials that are used for electric equipment and transformers. It has high retention of flexural strength at high temperatures [25] .
Only the effects of the inclination angle of the IZJs were investigated. All dimensions in specimens were held constant (see Table 1 and Figure 3a) . Stress-strain behaviors of the adhesives were represented in Figure 2a and 2b.
Experimental Procedure. The dimensions of the adherends and the adhesives used in the experiments are shown in Figure 3(a), 3(b) and Table 2 . The width and thickness of specimen were chosen as 10 mm and 3 mm, respectively. In addition, four specimens were tested for each adherends with various angles (α = 45°, 60° and 75°). In order to prevent stress concentration during tension, the edges of the IZJs were rounded. Radius dimensions were chosen as 1.05, 1.5 and 1.6 mm. The IZJs used in experiments are shown in Figure 3a . The upper and lower adherends were made of the same materials and they were subjected to static tensile loads. The experiments of the IZJs were performed under the same conditions as the experiments of the bulk specimens. 
3D-FEA Calculations of IZJs
In this part, the 3-D FEA was employed in order to analyze the behavior of the stress in the IZJs. Stress-strain characteristic of adhesives is shown in Figure 2 . The loading, geometrical dimensions, boundary conditions and mesh conditions of the IZJs are shown in Figure 3b and 3c. The material properties of the adhesives and the adherends which were used in the 3-D FEA calculations are given in Table 2 and Table 3 , respectively. 3D-FEA calculations were performed by using the ANSYS (Academic Teaching Advanced, Ver. 10.0.1) software [26] . Additionally, the stress analysis of the IZJs was obtained according to von Mises yield criterion. Because, Gali et al. [27] showed that the von Misses yield criterion is a suitable model for the stress-strain behavior of the adhesives used in the adhesive joint. The stress-strain distribution in the adhesive layer was calculated according to this criterion. The upper and lower adherends had the same dimensions. They were also made of the same materials. Critical regions of stress distributions at the overlap length were divided into smaller elements. The mesh in the adhesive and the radius region was defined in a more sensitive manner by dividing it into smaller elements (triangles) as shown in Figure 3c . In the calculations, the Solid 45, Solid 46 and solid 191 elements were used. The elements are composed of eight nodes and three degrees of freedom per node. The total number of the nodes and elements are 22253 and 15600, respectively. The smallest element size was chosen as 0.25 mm in the adhesives and 1 mm in the adherends.
Baylor and Sancaktar [28] showed that if the mesh density along the transverse direction of the overlap was greater than 3 elements per mm, the variation of the maximum principal and the von Misses stress with the mesh density would be effectively removed.
The mesh density can affect the strain predictions in the adhesive layer (especially at the free ends overlap). The mesh density remained 1 elements/mm. In adhesive geometries the mesh in the adherends was denser. However, further dimension changes cause only little effect when a specific size of finite element is reached. A smaller element size will generally give a higher strain. For this reason, the size of the elements in the mesh was reduced until a stable strain value was achieved. Consequently, 3 elements through the adhesive thickness (0.25) were used in the models, as shown in Figure 3b , and the number of elements was varied for each overlap length. However, the mesh size was kept constant in all models [19] . In the joints of composite materials with adhesives, the nominal bond line thickness considered in all cases was 0.25 mm. Peak stress and stress distribution data were obtained by FEA. For the parametric study, maximum principal, peel, shear, von Mises and normal stresses were analyzed.
Results and Discussion
Experimental Results. The IZJs were manually prepared by hand lay-up. Firstly, they were wiped by acetone and later on, abraded by 320 and 400 grid silicon carbide abrasive. Secondly, the adhesives were prepared and they were applied to the joint surface, and finally the adherends were clamped and cured as stated in Table 1 .
The failure mechanism of specimens was closely investigated by using video extensometer. The average results of experiments for four specimens of each angle were recorded in Table 3 . It is clear from Table 3 that the lowest failure load occurred at θ = 75° for each specimen.
3-D FEA Results. In order to find out the failure loads of the specimens in the 3D-FEA calculations, ultimate strength of adhesives (σ*) were used. The equivalent stress (σ eqv ) was calculated by using the von Mises failure criterion and it was assumed that the failure occurred when the equivalent stress calculated at any point of the adhesive layer reached the ultimate strength of the adhesive. In addition, the effects of the angle at the interfaces of the adherends were examined. As the maximum von Mises stress values at the adhesive interface approached to these values, they were multiplied by the frontal area of the specimens (t × b = thickness of specimen × width of specimen), from which the failure loads given in Table 4 were obtained. The failure load values obtained from the 3-D FEA calculations and experiments, and also ratios between the experimental loads (P* E ) and failure loads (P FEA ) found by 3D-FEA calculations are shown in the Table 4 . In general, the ratio values were found very close to 1. As a result, it can be said that the experimental values are consistent with the values of the 3-D FEA calculations. Additionally, the P R ratios were found to be between 0.9458-0.9810 and 0.9171-0.9417 for Vinylester Atlac 580 and Flexo Tix, respectively.
When the results predicted by the 3-D FEA approach near to the maximum stress of the bulk specimen, the adhesive interfaces were investigated. They were defined paths through the line A-B at the adhesive interface. After that, the stress values through paths were separately found for each adhesive and specimen. The σ x , σ y , σ z , τ xy , τ xz and σ eqv values were selected for each specimen in 3-D FEA analyses. Because the τ yz values were considerably small; therefore, they were omitted from the list.
FEA Results in Comparison with Experimental Results. In the study, maximum stress values obtained from the bulk specimen experiments were compared with the maximum stress values of the adhesive interface obtained from 3-D FEA, because the failure generally occurred at the adhesive interface. Additionally, the failure stresses of the adherends were greater than the failure stress of the adhesives; hence the failure occurred at the adhesive interface.
It can be seen in Table 4 that the failure load of the Vinylester Atlac 580 is higher than those of Flexo Tix. Therefore, increase in angle has an enormous effect on the failure load with Vinylester Atlac 580. The reason is that Vinylester Atlac 580 has greater mechanical properties, which provide a considerable increase in the performances of the joints.
The present FEA analysis results have shown that the most critical points are along the adherend-adhesive interfaces and the maximum peel (σ y ) and shear (τ xy ) stresses are located between the centerlines and the adherend-adhesive interfaces and at the opposite corner ends of overlap. For this reason, the bond line on the adhesive side was taken into consideration for the stress analysis ( Figures 5 and 6 ) and all of the stress (σ x , σ y σ z , τ xy , τ xz and σ eqv ) distributions were normalized (Figures 4 to 7) .
The distributions of the normal stresses (σ x , σ y , σ z ) along the bond line on the adhesive side obtained from FEA are presented in Figure 4 and Figure 5 . The peak peel stress value occurred in the left and right free edge of the adhesive interface. When the magnitude of the shears (τ xy and τ xz ), the longitudinal (σ x ) and the peel (σ y ) stresses ( Figure 6 and Figure 7 ) are considered, it is clearly seen that the high peel stress distributions have very important impact on the initiation and propagation of failure at the free edges of overlap. Figure 6 and Figure 7 indicate that more shear stress are transferred from the end to the center of the overlap with increasing angle of the specimen, due to the reduced the elastic deformations on the adhesives. lester Atlac 580 for only 3 mm adherend thickness and overlap length under the same mesh, load and boundary conditions applied to the inverse Z joints with Flexo Tix (see Figure 3) , in order to better explain of the effects of the rotation occurred by peel stress on the free ends of joint and the elastic deformations on the adhesives. Therefore, the effect of the shear stresses on the failure and strength of the adhesively bonded joints increases. This is the reason for increase in the strength of joints with increasing angle of the specimen at the same overlap length.
On the other hand, Finite Element Analysis was carried out on the joint with Viny- Von Mises contour stress distribution of Finite Element Analysis is shown in Figure 8 for different adherends. It is clearly seen that the maximum values of equivalent stresses were at middle sections of the overlap length.
Consequently, failure initiation most likely occurred at edges of the overlap within the interface of the adhesives. The failures at both free ends propagate towards the center of overlap region. The propagation across the bond thickness would consist of a mixed failure mode of the shear and peel due to the combined out of-plane and in-plane shear stress.
Conclusions
This work is about the effects of the adherend angle on inverse Z joints subjected to static tensile loads. In calculations, a Finite Element Analysis (3D-FEA) was used. The main conclusions of this study can be summarized as follows:
• A fairly good agreement is observed between the experimental results and the numerical results.
• The σ x stresses usually increased with the increase of the angle of the joints in the Vinylester Atlac 580 and Flexo Tix. The increase was higher and more effective for Vinylester Atlac 580 • The stresses changed depending on the adherend angle. In different adhesives and composites, when the adherend angle was increased, the values of the σ y and σ z increased as well.
• In both Hgw 2372 Grade G10 EP GC 201 and 2372.4 Grade G11 EP GC 203 composites, when α was increased from 45° to 60°, the τ xy stresses increased. However, with the increase of the angle from 60° to 75°, the τ xy decreased. The values of the τ xy were at negative region of x and y axes.
• In both Hgw 2372 Grade G10 EP GC 201 and 2372.4 Grade G11 EP GC 203 composites that were connected with the Vinylester Atlac 580, when α was increased, the τ xz stresses increased at the middle length, after midpoint the τ xz stresses decreased. Also, the Vinylester Atlac 580 graphs were symmetrical about the midpoint of the overlap length.
• In Hgw 2372 Grade G10 EP GC 201 and 2372.4 Grade G11 EP GC 203 composites that were connected with the Vinylester Atlac 580, when α was increased, the butions were higher for the joints with Vinylester Atlac 580. Similarly, when the vonMises equivalent stresses are examined, it can clearly state elastic deformations on the the overlap (Figures 4 and 5) . As observed for the normal and shear stresses along the bond line A-B (Figures 4  to 7) , σ x , σ y , σ z and τ xy , τ xz shear stress distri- σeqv stresses increased. The σ eqv stresses decreased in the width of the specimens. For both composites that connected with the Flexo Tix, when the angle was increased, the σeqv stresses increased.
